Introduction
Neural circuit assembly requires the coordination of multiple neurodevelopmental processes. Prior to the establishment of a functional circuit, neurons must migrate, polarize, and extend neurites. One of these neurites eventually forms the axon, which must interpret chemical cues to guide to its intended target. Once within the appropriate target field, axons must recognize and connect to postsynaptic partners. These distinct neurodevelopmental processes-cell migration, cell polarity, axon outgrowth, and synaptogenesis-all require organization of the actin cytoskeleton. 1, 2 Actin is an ancient and ubiquitous component of the cells that comprise all living organisms on Earth. 3 This protein performs multiple cellular functions, ranging from cellular movements to intracellular trafficking. Crucial to these cellular roles is the ability of actin to form filamentous polymers (F-actin). Polarized assembly of actin filaments (which grow more quickly at the barbed end) occurs spontaneously within our cells. 3 Filament assembly is promoted by actin nucleating, bundling, and severing proteins and is terminated by actin capping proteins. These factors, together with a wider cast of actin regulatory proteins, determine the geometry and subcellular localization of F-actin structures.
Other reviews have highlighted the roles of the actin cytoskeleton in the coordination of neuronal growth cone movements toward or away from extracellular guidance cues, [4] [5] [6] postsynaptic Actin polymerization produces the protrusive force necessary to drive advancement of neuronal growth cones. 4 Once the axon reaches its target, microfilament-comprised structures are also required for extension of the axonal arborizations and filopodia that can precede synapse formation. Axonal arborizations (referred to here as "terminal arbors") are short branched structures containing presynapses (not to be confused with axonal branches resulting from growth cone bifurcations 9 ). During neurodevelopment, terminal arbors precede synapse formation. Interestingly, however, axons may continue to arborize following synapse formation, and these secondary arbors often extend from existing presynaptic sites. [10] [11] [12] One hypothesis that could explain this relationship is that terminal arborization and presynaptic assembly employ shared actin-regulatory components. For example, it has been observed that the Netrin receptor, UNC-40/DCC, and downstream actin regulatory molecules are required locally both for the clustering of synaptic vesicles and for the extension of terminal arbors. 12 These observations raise the possibility that actin regulatory components that are required locally for the assembly of presynaptic scaffolds may be adapted for subsequent actin organization, permitting local arbor extension from existing presynaptic sites.
Long-range axon guidance and short-range terminal arborization require distinct cellular pathways. Interestingly, the actinregulatory molecules required for the initial, long-range guidance of axonal growth cones are not necessarily involved in short-range terminal arborization. For example, Ena/VASP proteins associate with the barbed ends of F-actin, precluding the binding of capping proteins. This activity promotes the formation of longer, unbranched filaments typical of filopodia. 13 Thus, one might expect that mis-targeting of such proteins would have catastrophic effects on growth cone guidance. To be sure, roles for these actinregulatory proteins in modulating axon guidance are well documented. 14 However, in the case of axon guidance of retinal ganglion cells (RGCs), mis-targeting of Xena/VASP (Xenopus homologs of Ena/VASP) proteins to the mitochondrial surface does not affect initial axon outgrowth. Rather, axon guidance proceeds normally, arborization. Rather, higher order organizers, such as Syndapin and Ena/VASP proteins, likely play a central role in selecting cellular outcomes arising from F-actin assembly. These findings are consistent with a model in which the geometry imposed by actin capping and bundling proteins plays a central role in determining whether actin nucleation results in axon branch extension or branch inhibition (Fig. 1) .
Capping and anti-capping proteins regulate presynaptic differentiation. Capping and anti-capping proteins represent a second group of proteins involved in the regulation of actin dynamics within axons. 25 Capping proteins terminate actin filament extension by binding barbed ends 26 ( Fig. 1) . On the other hand, proteins such as Ena/VASP promote actin filament extension in part by preventing the binding of capping proteins, such as Eps8, to actin. 13, 25 Cultured hippocampal neurons derived from Eps8-knockout mice form ectopic filopodia. The formation of these filopodia is dependent on the presence of VASP. 27 These results highlight the crucial role of capping proteins in instructing the morphological development of terminal axon structures. Perhaps even more exciting is the finding that the ectopic filopodia (that result when these capping proteins are missing) contain synaptobrevin clusters, suggesting the presence of ectopic presynaptic sites. These data from studies in neuronal culture could suggest the possibility that actin-capping proteins such as Eps8 indirectly limit presynaptic assembly by preventing the formation of ectopic filopodia. Examining the in vivo function of actin capping proteins such as Eps8 is critical, particularly in light of recent studies in neuronal culture, which demonstrate that Eps8 promotes, rather than inhibits, the formation of spine synapses. 28 Although the function of Eps8 in vivo remains to be determined, these studies reveal a central role for capping proteins like Eps8 in organizing the actin cytoskeleton during synaptogenesis.
Actin plays non-structural roles in the assembly of terminal arbors. In addition to its structural role as an organizer of the presynaptic compartment, F-actin is also implicated in the transport mechanisms that support synaptic arborization. Whereas microtubules function as "highways" for the long-distance trafficking of proteins, organelles, and membrane, actin provides a substrate for local transport in association with motor proteins such as myosin Va. 29 This role for F-actin has recently been linked to the growth of terminal arbors in the mouse cerebellum. Here, climbing fibers do not arborize properly to innervate Purkinje cells in myosin Va mutant mice. 30 While the specific cargo of myosin Va is not known in this developmental context, these data support a role for F-actin accumulations not only for the generation of protrusive force (as discussed in previous sections) but also for the assembly of a matrix for cellular transport.
Actin provides a scaffold for developing presynapses. Terminal arborization is followed by the assembly of presynaptic terminals. Both of these processes are dependent on the organization of F-actin. F-actin acts as a major scaffold for organization of the presynaptic compartment as evidenced by the fact that treatment of developing neurons with actin polymerization inhibitors results in the dispersal of synaptic vesicles and other presynaptic components. This structural dependence on F-actin but terminal arborizations do not form properly once these axons have reached their targets. 15 Similarly, the C. elegans Ena/VASP homolog, UNC-34, as well as the Lamellipodin homolog MIG-10, are largely dispensable for the guidance of the AVM, AIY, and NSM axons. 12, [16] [17] [18] [19] Interestingly, however, UNC-34/Ena and MIG-10/Lamellipodin, while largely dispensable for NSM guidance, are required for NSM terminal arborization. 12 These findings indicate two important aspects about the role of actin organizing molecules such as UNC-34/Ena/VASP during neurodevelopment. First, they reveal a genetic requirement for actin organizing molecules during axon guidance and arborization. Importantly, these in vivo studies also reveal that axon guidance and arborization are genetically separable events. The significance of this second observation is that it suggests a mechanistic distinction between those processes underpinning the long distance migration of neuronal growth cones and the local assembly of presynaptic arbors. This mechanistic distinction could be related to the way in which actin is organized during these two neurodevelopmental processes. Understanding the ways in which actin regulatory mechanisms differ between growth cone guidance and terminal arborization is an outstanding goal within the field.
Actin nucleation: A double agent in terminal arborization. Actin nucleators permit the rapid assembly of actin filaments. 20 These new actin filaments can, in turn, promote the formation of terminal arbor structures. For example, Cordon-Bleu, an actin nucleator that produces unbranched actin filaments, promotes the formation of axon branches. 21 Arp2/3 also nucleates F-actin, but in a manner fundamentally different from that of CordonBleu; Arp2/3 nucleates new actin branches on the sides of existing filaments. Although Cordon-Bleu and Arp2/3 nucleate actin through different mechanisms, both are associated with the formation of axon branches. [21] [22] [23] However, actin nucleation does not necessarily promote the formation of terminal arbors. Indeed, the actin nucleating Arp2/3 pathway can also inhibit terminal arborization. Arp2/3 activity is promoted by members of the Wiskott-Aldrich syndrome protein (WASP) family. These Arp2/3 regulators are, in turn, localized to the membrane and disinhibited by F-BAR proteins such as Syndapins. Therefore, Syndapins locally promote actin nucleation through WASP and the Arp2/3 complex. If actin nucleation were to exclusively promote terminal arbors, one would expect that elimination of Syndapin would result in fewer axon arbors. Instead, it was observed that knockdown of Syndapin in primary hippocampal neurons results in overgrowth of terminal arbors. 24 These results suggest that factors enhancing actin filament assembly can limit terminal arbor outgrowth.
Together, these studies show that actin nucleation can paradoxically promote or inhibit terminal arborization depending on the cellular context. One hypothesis to explain these results is that the position and structure of presynaptic F-actin determines its function. It has also been hypothesized that Arp2/3-dependent F-actin networks may retard the microtubule protrusion that promotes branch extension, thereby inhibiting arborization. 22, 24 Regardless of the mechanism, these findings indicate that F-actin nucleation per se is not predictive of axonal growth or suggesting that F-actin clustering is required downstream from neuronal adhesion for the clustering of vesicles. This requirement for actin polymerization emphasizes the importance of cytoskeletal rearrangements as a link between local adhesion and local presynapse induction. 33 In contrast to the promiscuity of synapse formation in vitro, in vivo synapses form with remarkable specificity. This specificity is, in part, conferred by transmembrane molecules that mediate cell-cell contact and specify the sites for presynaptic assembly. 34 Like the presynaptic sites induced by PDL-coated beads, presynaptic sites specified by these transmembrane molecules are also dependent on F-actin reorganization. Recent studies have now identified molecular mechanisms that link these extracellular signaling and adhesion events with F-actin organization and synaptogenesis. In particular, the pathways directing cytoskeletal rearrangements downstream from immunoglobulin is temporally restricted to the time during which synapses are forming, suggesting a specific and crucial involvement of F-actin in the building of a synapse. 31 In cell culture systems, synapse formation is remarkably promiscuous. Synapses form at points of contact between pairs of neurons, between neurons and their substrates, or even between a neuron and itself. 32 It has been hypothesized that in culture systems, local adhesion triggers local synapse assembly. Supporting this model is the finding that PDL-coated beads can induce synaptic vesicle clusters at sites of contact with axons of dissociated rat hippocampal neurons. Extracellularly, the heparan sulfate proteoglycan Syndecan-2 is hypothesized to mediate the neuronal interaction with the beads. Intracellularly, this interaction results in the local clustering of F-actin and synaptic vesicles. Synaptic vesicle clustering is diminished at bead contact sites in the presence of the actin-depolymerizing agent latrunculin, Figure 1 . Synaptic arborization and the actin cytoskeleton. cartoon diagram of the involvement of local actin structures in the decision to not extend (left) or extend (right) an axon arbor. proteins and structures are not drawn to scale. on the left, an arp2/3-dependent F-actin network retards the advance of microtubules, preventing the stabilization of nascent filopodia. presence of the capping protein, eps8, prevents the extension of actin filaments into long, unbranched bundles. Syndapin localizes N-waSp to the membrane, where it can activate the arp2/3 complex to form a dendritic array of F-actin. on the right, a nascent axon branch is forming. Such nascent branches are promoted by actin-nucleating factors, such as cobl and arp2/3. Supporting the organization of actin into long, unbranched filaments are proteins of the ena/vaSp family. Myosin va may support these branch extensions through the local trafficking of materials. Note that a microtubule successfully invaded this nascent branch. Note also the relationship between synaptic vesicle clusters and branch extension. This spatial correlation between presynapses and axon arbor extensions has been observed in numerous systems and may reveal the presence of share actin regulatory components at presynaptic sites and at synaptic arbors. cell adhesion & Migration volume 7 issue 4 upon challenge with this depolymerizing agent. 31 Interestingly, if N-cadherin is blocked, the synapses that still form remain sensitive to F-actin depolymerization during their second week in culture. 47 Thus, N-cadherin may contribute to the assembly of secondary scaffolds that assist in the maturation of synapses. Collectively, these data show that N-cadherin-mediated adhesion can directly influence cytoskeletal rearrangements associated with presynapse assembly. In the early synapse, these structures serve both as a temporary scaffold for maintaining synaptic structural integrity and as a matrix to trap and tether additional synaptic components and stabilize adhesion molecules.
In conclusion, extracellular cues, whether specific as in the case of synaptic adhesion molecules, or non-specific as in the case of PDL-coated beads, can designate the positions of nascent synapses. Multiple groups have shown that these synaptogenic cues often converge on pathways that regulate the local assembly of F-actin. Local extracellular cues thus become translated into localized intracellular accumulations of actin. In the early stages of synaptogenesis, F-actin and cell adhesion matrices are critical and interdependent. As the synapse matures, these networks permit the recruitment of materials integral to synaptic functioning, including synaptic vesicles and components of the active zone.
F-Actin is Required for Proper Development of the Presynaptic Active Zone and Synaptic Vesicle Pools
Presynaptic sites contain synaptic vesicles and active zones (Fig. 2) . Actin is essential for the formation and function of these two presynaptic structures. This requirement for F-actin is best demonstrated by the finding that removal of F-actin early in synapse assembly results in disruption of synaptic structure. 31 The roles of F-actin in the functioning of mature synapses, including endocytosis, exocytosis, and plasticity, have been reviewed previously and will not be addressed here. [48] [49] [50] [51] Instead, we will focus on the role of F-actin in the assembly of the presynaptic active zone and synaptic vesicle clustering.
F-actin organization at the presynapse. The presynaptic compartment contains hundreds of proteins, including those associated with synaptic vesicles, channels, SNAREs, active zone cytomatrix components, endocytic machinery, and adhesion molecules. [52] [53] [54] [55] While studies have demonstrated that F-actin is required for the proper development and organization of the presynaptic components of synapses, as we will discuss in the ensuing sections, 31, 33, 43 there is disagreement over the localization of F-actin in the presynaptic compartment.
Some studies have found that presynaptic F-actin associates with and surrounds the active zone and synaptic vesicle pool. [56] [57] [58] [59] [60] [61] In C. elegans, F-actin also partially colocalizes with synaptic vesicle markers. In addition, several mutant backgrounds simultaneously disrupt F-actin and synaptic vesicle clusters. These findings suggest that F-actin functions within or near synaptic vesicle pools. 17, 43, 62 At the Drosophila NMJ, actin is observed as distinct puncta in synaptic boutons. 63 Similarly, several proteomic studies have identified actin as a component of the synaptic vesicle and active zone proteomes. 52, 54, 55, [64] [65] [66] [67] Interestingly, in lamprey receptor-and cadherin-mediated synaptic adhesion, discussed below, are beginning to be elucidated. IG adhesion receptors influence synapse formation through cytoskeletal interactions. Immunoglobulin (IG) superfamily adhesion receptors are crucial mediators of in vivo synapse formation. 16, [34] [35] [36] [37] [38] [39] [40] [41] [42] For example, the interaction between the L1 cell adhesion molecule (L1CAM) and the Spectrin/actin adaptor protein Ankyrin has been shown to instruct GABAergic presynapse formation in the mouse cortex. 37 These data provide evidence that transmembrane IG proteins may influence synaptogenesis through local cytoskeletal interactions in vivo.
Similarly, the IG superfamily protein Basigin is required in the Drosophila neuromuscular junction (NMJ) for presynaptic formation. Mutants lacking functional Basigin display aberrant NMJ bouton number, size, terminal branching, and synaptic vesicle distribution. Interestingly, these mutants also display inappropriate actin and spectrin cytoskeletal organization; F-actin and spectrin markers form aggregates within synaptic boutons rather than localizing exclusively to the synaptic plasma membrane. 38 These data suggest that like L1CAM, Basigin may influence presynaptic organization in part through the local organization of spectrin and F-actin.
In the nematode C. elegans, IG molecules also act through F-actin to influence presynaptic differentiation. For instance, Netrin signals through the IG receptor UNC-40/DCC to instruct local clustering of F-actin and synaptic vesicles. 17 At a different C. elegans synapse, the IG transmembrane adhesion molecule SYG-1 is necessary and sufficient for presynaptic F-actin assembly. Here, as in the case of artificial presynapse assembly on PDL beads, the disruption of F-actin results in defective synapse assembly, and ectopic localization of SYG-1 induces ectopic F-actin accumulations. 43 These findings in both vertebrate and invertebrate systems emphasize the importance of F-actin as a link between IG signaling and adhesion molecules and presynaptic differentiation.
Cadherins assist in presynapse scaffold assembly. Cadherins are adhesion molecules that form trans-synaptic homophilic dimers, engaging downstream F-actin rearrangements through catenins. These adhesion molecules are critical both pre-and post-synaptically for appropriate synaptic differentiation. 44 Presynaptically, elimination of cadherin function results in impairments of synapsin and synaptic vesicle localization and recycling. 45 In vitro studies suggest that cadherin-mediated adhesion directly triggers presynaptic actin polymerization and subsequent synaptic vesicle trapping through the Rac GEF β-Pix. 46 Here again, transmembrane molecules specify the sites of F-actin accumulation, and in effect the sites of downstream presynapse differentiation.
Cadherins also play an intriguing role in synaptic maturation. In young synapses, depolymerization of F-actin results in the dispersion not only of synaptic vesicles, but also of synaptic N-cadherin clusters. 31 Thus, in the early stages of presynapse assembly, adhesion molecules both recruit and are stabilized by F-actin. Mature synapses, on the other hand, are resistant to actin-depolymerizing agents. While immature synapses are disassembled by latrunculin, more mature synapses are stable has been demonstrated that the presence of F-actin at the synapse is most critical during early development and that disruption of actin in mature synapses does not disrupt clustering of synaptic proteins. 31 Therefore, it is possible that F-actin localization at the synapse changes during development. In addition, actin cytoskeleton structures are fragile and susceptible to deformation during certain preparations for electron microscopy. 71 Taking advantage of the latest technologies, such as super-resolution light microscopy and systematically analyzing nascent and developing synapses across different species will provide a more comprehensive understanding of F-actin localization in the presynaptic compartment.
F-actin regulation of synaptic vesicle clustering. Over the past few decades, several groups have worked to understand how synaptic vesicles remain clustered in several different pools near the presynaptic active zone. A significant effort has gone into clarifying the role of synapsins as links between F-actin and synaptic vesicles to provide a molecular mechanism for synaptic vesicle reticulospinal neurons, two functionally and structurally separate pools of presynaptic actin have been identified: one associated with the active zone and the other with synaptic vesicle pools. These two pools are differentially susceptible to pharmacological agents that disrupt F-actin structures. 68 Together, these studies provide ultrastructural, cell biological, and biochemical evidence that indicates that actin is present near synaptic vesicle pools and at the active zone.
Curiously, cryoelectron tomography of mammalian central nervous system synapses demonstrated that presynaptic compartments only occasionally contained actin filaments, and actin bundles were observed 300 nm away from the active zone. 69 In addition, actin filaments were rarely observed in cerebellar slices that were either fixed with aldehyde or rapidly frozen. 70 The discrepancies in F-actin localization between the EM tomography studies and the cell biological studies discussed in the previous paragraph may be due to differences between specific synapses, including the stage of development of the observed synapse. It (CPE), a transmembrane protein present on synaptic vesicles, is required for maintaining vesicle clustering. Studies in vertebrates and invertebrates have demonstrated that CPE is required for neurotransmission. [84] [85] [86] Cell biological studies in CPE-knockout mice demonstrated that loss of CPE leads to significant reductions of synaptic vesicles docked at active zones. This phenotype, which is similar to that of synapsin knockouts, was not the result of decreased synaptic protein levels or of defects in synaptic vesicle biogenesis. 75, 87 Instead, CPE mediates an interaction with the actin cytoskeleton to regulate synaptic vesicle clustering. CPE interacts with γ-adducin. 87 In turn, γ-adducins cap actin near the plasma membrane and regulate presynaptic shape and growth. 87, 88 CPE can also interact with the active zone protein RIM (Rab3-interacting molecule), which directs synaptic vesicle docking at the membrane. 87, 89 Therefore, carboxypeptidase E provides a link between F-actin and synaptic vesicles. This connection, which is important for vesicle clustering, is distinct from the link provided by synapsins. Together, these findings indicate that F-actin directs synaptic vesicle clustering through vesicle-associated proteins such as CPE and synapsin. F-actin regulates synaptic vesicle clustering both through pathways independent of synapsins and pathways that signal through synapsins, suggesting that multiple signaling mechanisms interpret the F-actin presynaptic structure to mediate presynaptic assembly. Collectively, these studies indicate that F-actin is required during synapse formation for the growth and maintenance of synaptic vesicle clusters.
F-actin at the active zone. Active zones provide the protein framework that supports docking and priming of synaptic vesicles, localization of voltage-gated Ca 2+ channels, exact apposition of pre-and postsynaptic specializations, and facilitation of short-and long-term synaptic plasticity. 89 Despite the importance of the presynaptic active zone in synaptic function, the molecular mechanisms of active zone assembly during synaptogenesis are poorly understood. Several protein components of the active zone have been identified, such as Bruchpilot/ELKS-1, RIMs (Rab3-interacting molecules), SYD-2/Liprin-α, SYD-1, Piccolo, and Bassoon. 89, 90 While the presence of actin at the active zone is often reported, the role of actin and other protein constituents in active zone development are not fully understood.
Recent studies in invertebrates have provided new molecular links between actin and active zone assembly (Fig. 2) . Specifically, studies have identified distinct signaling pathways that control F-actin organization to influence active zone development. For example, the C. elegans homolog of neurabin, NAB-1, binds to and colocalizes with F-actin in presynaptic terminals. This interaction is necessary for NAB-1 participation in active zone assembly. Although F-actin remains synaptically localized in nab-1 mutants, NAB-1 becomes mislocalized when F-actin assembly is disrupted with latrunculin. These data suggest that F-actin directs the synaptic localization of NAB-1. NAB-1 also forms a complex with active zone proteins SYD-1 and SYD-2. Therefore, NAB-1 acts as a molecular bridge between F-actin and the active zone during synapse assembly. 43 The evolutionarily conserved adaptor protein, Nervous Wreck (Nwk), directs active zone formation in Drosophila by clustering. These findings have been previously reviewed. [72] [73] [74] [75] [76] Here we will discuss the mechanisms that act upstream of synapsins during initial synaptic vesicle clustering and the synapsinindependent pathways that maintain these organized synaptic vesicle pools after preliminary presynaptic assembly (Fig. 2, left  panel) .
During presynaptic development, actin is required for the growth and maintenance of synaptic vesicle clusters. 31 Formins are actin-interacting proteins that nucleate and elongate unbranched filaments through interactions at the barbed end of actin. [77] [78] [79] [80] In Drosophila NMJs, a member of a formin subfamily, Diaphanous (Dia), is required at the presynapse for synaptic growth and synaptic vesicle localization. 63 Diaphanous acts downstream of DLar, a receptor tyrosine phosphatase, in NMJ synaptic growth. The decrease in synaptic vesicle pools in dlar;dia double mutants was not significantly different from either single mutant, suggesting that DLar and Dia function in the same pathway to cluster vesicles. In addition, both mutants disrupt actin organization at synaptic boutons. 63 Together, these results suggest that DLar acts upstream of Diaphanous to regulate the actin cytoskeleton and synaptic vesicle pool organization at synaptic boutons.
Rac and Cdc42 are also well-known regulators of the actin cytoskeleton. 81 In developing neurons, Rac GTPases can regulate axon outgrowth, guidance and branching by influencing actin cytoskeleton organization. 82 Rac GTPase pathways are also important regulators of synaptic vesicle organization at the presynapse. For example, knockdown of β-Pix, a Rac/Cdc42 GEF, causes a decrease in actin puncta at synapses and mislocalization of synaptic vesicles. Interestingly, overexpression of cortactin, a protein that polymerizes actin, rescued β-Pix knockdown and increased synaptic vesicle colocalization with actin in presynaptic regions. 46 These results demonstrate that Rac GTPase signaling is required for actin polymerization at presynapses, which is, in turn, required for proper synaptic vesicle localization and clustering. In addition, a cell adhesion molecule cadherin/β-catenin/scribble complex interacts with and recruits β-Pix to cell-cell contact sites, providing a link between extracellular signals, actin and synaptic vesicle clustering. 46 Together, these studies demonstrate that clusters of F-actin at presynaptic sites recruit and stabilize synaptic vesicles during presynaptic development.
Similarly, in C. elegans, Netrin can instruct synaptic vesicle clustering at nascent synapses via mechanisms that depend on Rac and the WAVE regulatory complex. 17, 62 Interestingly, the RacGEF involved in this pathway, CED-5/DOCK180, while required for vesicle clustering, is not required for proper localization of active zone proteins to presynaptic sites. These findings suggest that active zone assembly and synaptic vesicle clustering are instructed by two different signaling pathways downstream from Netrin. 17 Thus, while actin plays a role in synaptic vesicle clustering and (as we will discuss in the next section) in active zone assembly, these processes can depend on distinct actin regulatory proteins.
After presynaptic development, a primary role of presynaptic F-actin is to contain synaptic vesicles at the presynaptic active zone and prevent synaptic vesicle fusion. 56, 83 Carboxypeptidase E active zone and in synaptic vesicle pools. 68 It would be interesting to determine whether different presynaptic F-actin structures could separately direct either active zone formation or synaptic vesicle clustering.
Concluding Remarks
We have discussed the roles of F-actin and its regulators in the assembly of presynaptic terminal structures. Although we still have a great deal to learn, it is clear that the actin cytoskeleton, which is important for growth cone dynamics during axon guidance, can be reorganized for the regulation of terminal arborization and presynaptic assembly. There is exquisite regulation of F-actin dynamics in the presynaptic compartment. While various pathways converge on F-actin regulators such as Wasp and Arp2/3 to organize the F-actin cytoskeleton, the neurodevelopmental outcomes resulting from actin polymerization can be distinct, depending on where and how actin is organized.
Much progress has been made toward understanding the role of the actin cytoskeleton in presynaptic assembly, but many outstanding questions remain. What is the geometry of actin structures within arborizing axons? How do these structures compare with those within growth cones? It is possible that the underlying differences between actin organization in these two structures may explain the selection of a particular morphogenic program. What is the relationship between actin and other cytoskeletal elements during the specification of presynaptic terminals? Similarly, in each cellular context, it will be critical to differentiate between the structural roles of actin and its transport and synaptic vesicle clustering roles. It will also be important to elucidate the subcellular localization of actin at all stages of presynaptic development and after presynaptic maturation. Determining where actin is in the presynaptic compartment will facilitate a better understanding of the roles of actin in the presynapse. Can actin direct multiple aspects of presynaptic assembly within the same cell? For example, it will be interesting to ascertain how F-actin can separately regulate synaptic vesicle clustering and active zone assembly. Furthermore, unraveling the feedback loops and nonlinear relationships between actin and active zone proteins may clarify how the organization of the cytoarchitecture influences the development of the neural architecture.
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We apologize to colleagues whose work we did not cite due to lack of space or unintentional oversight. We thank A Koleske, T Biederer, and K Shen for thoughtful comments on the manuscript. This work was supported by a March of Dimes Research Grant and an R01 from the National Institutes of Health (NS076558). regulating actin. nwk mutants display fewer active zones and exhibit decreased synaptic transmission compared with wildtype flies. Nwk directly interacts with WASP, an Arp2/3 complex actin regulator, and both proteins, Nwk and WASP, colocalize at the periactive zone. wsp mutants phenocopy nwk mutants, suggesting that Nwk and Wsp are members of a pathway that modulates synaptogenesis through regulation of actin dynamics. 58 These results suggest that Nwk regulates active zone assembly by regulating actin dynamics, again placing actin dynamics upstream of active zone assembly. Consistent with actin playing a role upstream of active zone assembly, studies in vertebrates demonstrate that F-actin depolymerization in young synapses results in a loss of clusters of the active zone protein Bassoon. Interestingly, the dependence of Bassoon localization on F-actin content disappears with synaptic age, emphasizing the importance of actin organization during synaptogenesis. 31 Together, these studies suggest that diverse signaling pathways converge to influence F-actin organization at the presynapse, and that active zone formation is downstream from presynaptic F-actin organization.
Interestingly, recent studies demonstrate that active zone proteins can also modulate F-actin organization in the presynapse. Piccolo is a large, conserved protein associated with the active zone. 89 Originally thought to be unique to vertebrates, a Piccolo homolog, Fife, was identified in invertebrates. 91 Knockdown of Piccolo with shRNA causes dispersion of Synapsin1a and F-actin at the presynaptic terminal and causes a loss of tight association between Synapsin1a, actin, and synaptic vesicles. 56, 92 Piccolo also interacts with actin regulators such as profilin. 56 Thus, the active zone protein Piccolo can regulate presynaptic F-actin organization. Collectively, these studies suggest two important conceptual points. First, F-actin is necessary for proper active zone formation. These studies also indicate that active zone proteins, such as Piccolo, can play important roles in organizing F-actin, thereby providing a feedback loop during active zone assembly.
Together, these studies demonstrate that presynaptic F-actin directs the formation of two critical presynaptic elements: the active zone and synaptic vesicle clusters. Interestingly, disruption of actin-organizing molecules sometimes affects only one of these two presynaptic elements. In C. elegans, mutations that alter active zone localization do not necessarily affect synaptic vesicle localization. 93 In Drosophila, ghost boutons contain synaptic vesicles, but lack active zones. 94 As we previously discussed, C. elegans CED-5/DOCK180 regulates both synaptic vesicle clustering and presynaptic F-actin localization, but is dispensable for active zone assembly. 17 These observations support the hypothesis that while presynaptic F-actin organization is a shared requirement for both synaptic vesicle clustering and active zone assembly, different actin-organizing modules could dictate the development of these two presynaptic elements. These results are also consistent with observations in the lamprey reticulospinal neurons that demonstrated the existence of separate pools of presynaptic actin in the
